We have evaluated the difference in the migration patterns over two years of two cementless stems in a randomised, controlled trial using radiostereophotogrammetric analysis (RSA). The implants studied were the Furlong HAC stem, which has good long-term results and the Furlong Active stem, which is a modified version of the former designed to minimise stress concentrations between the implant and bone, and thus to improve fixation.
In the mid 1980s, calcium hydroxyapatite ceramic (HAC) was introduced as a coating to provide cementless fixation for total hip replacement (THR) as an alternative to cemented fixation. It stimulates bone growth onto a prosthesis, achieving osseo-integration and facilitating a biological bond between the implant and bone. [1] [2] [3] This biological bone can provide mineralised continuity around the prosthesis, 4, 5 with a sealing effect. 6 Hydroxyapatite coating reduces early migration. [7] [8] [9] An HAC-coated implant also has the potential for adaptive stress transfer at the prosthesis-bone interface, and good early clinical results have been reported following the use of HACcoated implants. 5, [10] [11] [12] [13] Primary stability is important with cementless THR because a reduction in micromovement improves osseo-integration between the implant and bone and reduces migration. Such primary stability is provided by the design features, of which there is great variability in contemporary cementless stems. The Furlong HAC-coated femoral stem (Joint Replacement Instrumentation (JRI), London, United Kingdom) was introduced in 1985 with the intention of obtaining a permanent bond between the implant and the host bone. It is manufactured from forged titanium alloy (Ti6A14V) and its surface is covered with plasma-sprayed HAC, 50 μm thick. Survival of 100% at ten years 13 and of 99% at 13 to 15 years has been reported. 14 The Furlong HAC stem includes the following features to encourage stability: a rectangular-sectioned proximal third with a small lateral fin to provide rotational stability and a proximal taper and collar to prevent subsidence (Fig. 1a) . However, there was concern that the use of a lateral fin would increase the risk of splitting the femur during implantation, and that the collar would become redundant once the bone had bonded to the prosthesis. 15 Following finite-element modelling a new variation of the Furlong HAC stem, has recently been produced with the aim of minimising stress concentrations between the implant and bone since high stress concentrations may cause trabecular failure and compromise stability. The new device, the Furlong Active stem (JRI), has a more rounded lateral and medial edge with a lateromedial taper, no collar or lateral fin, a reduced proximal taper and is shorter (Fig. 1b) . It retains a full-length HAC coating and is produced from forged titanium alloy.
It has been shown that the long-term survival of a stem is related to its early migration pattern which can be determined with great sensitivity using radiostereophotogrammetric analysis (RSA). 16 These studies have shown that femoral stems, cemented or cementless, migrate to some extent during the first year and that the migration diminishes thereafter if the stem is not loose. 17, 18 It has also been shown that extensive early subsidence or continuing subsidence of a stem is associated with premature loosening, [19] [20] [21] and that increased early posterior migration of the head is indicative of long-axis rotation and predictive of failure in cemented THR. 22 These patterns of early movement are of particular concern in cementless THR if osseo-integration has not occurred. 23, 24 Accordingly, we undertook a randomised, controlled trial to compare the migration patterns of two cementless stems, the Furlong HAC and the Furlong Active stems, using RSA.
Patients and Methods
A power calculation was performed before starting the study using the method of Altman. 25 A difference in distal migration of 0.35 mm was chosen based upon the work of Kobayashi et al 20 which suggested that an annual distal migration rate > 0.4 mm was associated with a high rate of aseptic loosening. An SD of 0.31 mm was used based on a previous RSA study of the cemented Charnley-Elite (DePuy International, Leeds, United Kingdom) stem, 26 which does not subside. The power calculation indicated that at least 20 patients was required for each group (α = 0.05, β = 0.9). We therefore recruited 50 patients (50 THRs) with osteoarthritis into the study, but two withdrew and five who had radiographs of poor quality were excluded leaving 43 for analysis. The study was approved by the ethics committee and each patient gave informed consent. The patients were randomised into one of the two groups using the Minim version 1.5 free-ware computer program (The London Hospital Medical College, London, United Kingdom) with stratification based on age and gender. A total of 23 patients (nine men, 14 women) received a Furlong HAC stem. Their mean age was 69.8 years (33 to 87). A total of 20 patients (ten men, ten women) received a Furlong Active femoral stem. Their mean age was 70.5 years (58 to 91). There was no significant difference in the age of the two groups at the time of surgery (Student's t-test, p = 0.40).
For both devices, the external diameter of the uncemented acetabular component varied from 48 mm to 58 mm and the head size was either 28 mm or 32 mm (Table I) . For the Furlong HAC device 20 THRs had a ceramic-on-polyethylene articulation and three had a metal-on-polyethylene articulation. For the Furlong Active stem, 19 THRs had a ceramic-on-polyethylene articulation and one had a metal-on-polyethylene articulation. All the operations were performed by one surgeon with extensive experience of the Furlong system (GR) and in all cases an anterolateral approach was used. Postoperatively, all the patients underwent a standard rehabilitation programme and were mobilised on the first or second post-operative day under the supervision of a physiotherapist.
The RSA system was based on that used at the Nuffield Orthopaedic Centre. 17, 22, 26, 27 At the time of operation, a minimum of three tantalum marker balls 0.8 mm in diameter were inserted into the greater trochanter, the lesser trochanter and close to the tip of the stem. All the femoral markers were secured in cortical bone.
Full weight-bearing RSA radiographs were taken during the first post-operative week and subsequently at six, 12 and 24 months. The patients stood in front of a purpose-built calibration frame (Model 41; Tilly Medical Products AB, Lund, Sweden) which contained accurately positioned radiopaque markers. Two X-ray tubes were angled at 60° to each other and perpendicular to the radiographic cassettes with a source-to-plate distance of approximately 1.5 m. From the images obtained, the three-dimensional (3D) positions of the stem and the host bone were reconstructed. This method has been reported to have an accuracy of 0.1 mm in the three cardinal axes. 22 Repeatability was confirmed by analysing the five patients who had double exposures. Any marker ball with movement over time of > 0.1 mm in any axis was excluded from the analysis. 26 Geometrical algorithms were used to identify the components of the implant; so that the stem could be studied without the need to attach markers. 28 The migration was calculated relative to the femoral coordinate system, with the x, y and z directions representing the anteroposterior (AP), mediolateral and proximodistal directions, respectively. The 3D migration of the implant both in terms of translations along and rotations around the defined axes was calculated by comparing the position of the stem on the post-operative image with that on the subsequent radiographs. Distal migration was termed subsidence. The migration between one and two years was calculated to assess whether either implant was continuing to migrate during the second year post-operatively. All the analyses of the radiographs were performed at the Botnar Research Centre, Oxford.
The clinical outcome was assessed using the Oxford hip score (OHS) 29, 30 pre-operatively and at the time of each RSA examination. At each review it was completed independently by the patient before clinical examination. The OHS is a patient-centred 12-item health questionnaire designed to assess function and pain and scored from 0 to 48, with 48 being the best score and 0 the worst. 31 A pain score scored from 0 to 20, was derived from the OHS which comprised only questions 1, 4, 5, 8 and 9, all of which directly related to a patient's perception of pain, with 20 being the best and 0 the worst. In the analysis, comparisons were made between the groups in terms of both the absolute and the change in the OHS and pain score at each post-operative review. Statistical analysis. The migration data were examined for distribution, visually using frequency histograms and by the Shapiro-Wilks test. They were found to be normally distributed thus allowing parametric statistical tests to be used. The one-sample t-test was used to detect significant deviations of the mean movement from zero migration. The independent-sample t-test without assumption of equal variances was used to detect significant deviations between the two groups. The results from the OHS were shown not to be normally distributed and therefore the non-parametric Mann-Whitney U test was used for these statistical analyses. 31 All the analyses were carried out using SPSS for Windows version 15.0.0 (SPSS Inc., Chicago, Illinois) software. A p-value ≤ 0.05 was considered to be significant.
Results
There was a statistically significant amount of subsidence for each stem during the first post-operative year. The mean head and tip subsidence at six months for the Furlong HAC stem was 0.27 mm (t-test, p = 0.032, 95% confidence interval (CI) 0.03 to 0.51) and 0.24 mm (t-test, p = 0.006, 95% CI 0.08 to 0.40) respectively, and for the Furlong Active stem was 0.99 mm (t-test, p = 0.003, 95% CI 0.38 to 1.60) and 0.81 mm (t-test, p = 0.007, 95% CI 0.31 to 1.69) respectively (Figs 2 and 3, Table II ). Between one and two years there was a small amount of further mean subsidence measured for each stem which was not statistically signifi- Between one and two years the subsidence of one of the Furlong Active stems was 4.1 x the SD from the mean, this was an extreme outlier (Fig 4) . There was no increase in the pain score or OHS and no other factors were associated with this outlier, such as age, the size of the head or the size of the acetabular component.
There was a statistically significant amount of lateral head migration for both stems at each of the measured time points (6, 12 and 24 months, Table II ). In contrast, there was no significant lateral tip migration for either stem at any time point (Table II) . There was also no significant anteroposterior migration of the head or tip for either stem at any time point (Table II) . Both stems were rotationally stable with no significant rotation around any of the three axes at any time point (Table III) .
All THRs were satisfactory at the last follow-up and no hip required revision. The mean pre-operative OHS was similar for both stems (Mann-Whitney U test, p = 0.992). There was no statistical difference in the improvement in the mean OHS scores and no statistical difference in the mean pain score and change in pain score for each post-operative interval between the two stems (Table IV) . Graph showing the mean head subsidence for both stems with SEM bars. There is a significant difference in the absolute migrations between the two groups. P = 0.03, 0.016 and 0.015 for six, 12 and 24 months respectively. Fig. 3 Graph showing the mean tip subsidence for both stems with SEM bars. There is significant difference in the absolute migrations between the two groups. P = 0.035, 0.02 and 0.027 for six, 12 and 24 months respectively. 
Discussion
Using RSA we identified that modification of the Furlong stem into the new Active version has resulted in a change of the migration characteristics. Considerable early subsidence was observed with the Furlong Active stem. It was approximately three times greater than that seen with the Furlong HAC stem. Nearly all this migration occurred in the first six post-operative months. This suggested that the early fixation of the Furlong Active stem was less good than that of the Furlong HAC stem, which might have compromised effective osseointegration. The large early migration of the Furlong Active stem was similar to that reported with cemented stems, 27 but between five and ten times greater than that reported for other cementless HAC-coated stems. [7] [8] [9] One of the Furlong Active stems subsided progressively in the second post-operative year suggesting that effective osseo-integration had not be achieved leaving this implant vulnerable to premature failure.
There was no large, early posterior migration of the head in either version of the stem and both were rotationally stable. This suggested that the lateral fin did not contribute to the primary mechanical stability of the Furlong HAC stem, and that the more rounded lateral and medial edges of the Furlong Active stem did not compromise rotational stability.
The large difference in subsidence between the two stems suggested that the collar in combination with the larger proximal taper on the Furlong HAC stem, provided more effective primary stability and faciliated osseo-integration preventing progressive subsidence during the first and Box-and-whisker plot showing the mean head subsidence of each implant between one and two years and the subsidence outlier. Transverse line = median, box contains IQR, whiskers = 1.5 SD from the mean. Extreme outlier more than 3 SD from the mean (HAC, hydroxyapatite ceramic).
Fig. 5
Graph showing the mean lateral head migration for both stems with SEM bars. A negative value indicates lateral migration. P = 0.11, 0.12 and 0.23 for six, 12 and 24 months respectively (HAC, hydroxyapatite ceramic). second years. Although the collar gave primary stability when engaged with the calcar, we did not investigate whether the bone beneath the collar resorbed, as has been reported elsewhere. 7, 32 Since there was no progressive subsidence of the Furlong HAC head between one and two years post-operatively it is likely that any bone resorption which may have occurred did not compromise the mechanical integrity of the proximal femur.
The main weakness of the study is the inability to identify when in the first six months the majority of migration occurred. It could have occurred in the first few weeks during the "settling in" period, and therefore may not be important. A further weakness is the difference in surgical experience between each stem as the active stem is a new prosthesis and therefore there may be an effect from the learning curve associated with implantation. Finally, although we have identified a difference in migration between the two stems we have not identified the threshold migration for risk of implant failure.
The migration pattern of the Furlong Active stem reveals an increased early migration compared wth the Furlong HAC stem. This difference might adversely affect the longterm performance of the stem. The fact that there was one extreme outlier with the Furlong Active stem would suggest that continued follow-up of this implant is necessary. Based on those findings we do not recommend use of the Furlong Active stem in preference to the original Furlong HAC stem. Further follow-up is required.
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